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Abstract 

Predation on distasteful animals should favor warning coloration that is relatively conspicuous 
and phenotypically invariable. However, even among similarly colored individuals there can be 
variation in their warning signals. In butterflies, individual differences in larval feeding history 
could cause this variation. The warning signal of the pipevine swallowtail butterfly, Battus 
philenor L. (Lepidoptera: Papilionidae) consists of both a blue iridescent patch and pigment- 
based orange spots on the ventral hindwing. B. philenor males also display a dorsal surface 
iridescent patch that functions as a sexual indicator signal. A previous study of iridescence in B. 
philenor found that the iridescent blue on both the dorsal and ventral hind wings is variable and 
significantly different between lab-reared and field-caught individuals. These differences could 
be the result of larval food deprivation in the field. Through experimental manipulation of larval 
diet, larval food deprivation was evaluated as a potential cause of the differences observed 
between lab and field individuals, and if food deprivation is a source of inter-individual variation 
in warning signals. B. philenor larvae were food restricted starting at two points in the last larval 
instar, and one group was fed through pupation. Adult coloration was then compared. Food 
deprivation led to poorer adult condition, as indicated by lower adult body mass, forewing length, 
and fat content of stressed individuals. As the level of food deprivation increased, the hue of the 
iridescent patches on both the dorsal and ventral hind wing shifted to shorter wavelengths, and 
the chroma of the orange spots decreased. The shifts in iridescent color did not match the 
differences previously found between lab and field individuals. However, the treatment 
differences indicate that food deprivation may be a significant source of warning color variation. 
The differences between the treatment groups are likely detectable by predators, but the effect of 
the variation on signal effectiveness and function remains to be empirically explored. 
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Introduction 



Warning coloration can flinction as a signal to 
predators of a prey's unprofitability (Poulton 
1890; Cott 1940). Such signals are expected to 
be naturally selected by predation to facilitate 
learning and recognition by relevant predators 
(Guilford and Dawkins 1991; Ruxton et al. 
2004) through increased conspicuousness 
(Gittleman and Harvey 1980; Gamberale- 
Stille and TuUberg 1999; Lindstrom et al. 
1999; Riipi et al. 2001; Lindstedt et al. 2008) 
and/or reduced phenotypic variation (Guilford 
and Dawkins 1993; Mappes and Alatalo 1997; 
Beatty et al. 2004; Rowland et al. 2007). Ei- 
ther of these processes should lead to a 
reduction in genetic variation or the extent to 
which the structures that produce a warning 
signal respond to environmental variation dur- 
ing development. Nonetheless, warning colors 
often display surprising levels of inter- 
individual variation in a population (Brake- 
field 1985; Brakefield and Liebert 1985; 
HoUoway et al. 1995; Grill and Moore 1998; 
Grin 1999; Ojala et al. 2007; Lindstedt et al. 
2008; Borer et al. 2010; Rutowski et al. 2010). 
This indicates that in the face of stabilizing 
selection there are factors that maintain varia- 
tion in warning signal expression (Endler and 
Mappes 2004; Ojala et al. 2007; Sandre et al. 
2007; Maan and Cummings 2008; Lindstedt et 
al. 2010; Lindstedt et al. 2011). One such po- 
tential factor in nature is variation among 
individuals in the extent to which they experi- 
ence food restrictions during growth and 
development. The effects of food restriction or 
deprivation on sexual coloration are well- 
studied (e.g., McGraw et al. 2002; Siefferman 
and Hill 2005; Kemp 2008; Punzalan et al. 
2008), and reduced diet quality can affect 
warning coloration (e.g.. Grill and Moore 
1998; Grill 1999; Ojala et al. 2007), but the 
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effects of food deprivation on warning colora- 
tion are unknown. 

Food deprivation in lepidopteran larvae is 
common in species that feed on small plants 
because they may have to travel between 
hostplants after complete defoliation of a plant 
(Stockhoff 1991; Fischer and Fiedler 2001). 
Larvae of the pipevine swallowtail butterfly, 
Battus philenor L. (Lepidoptera: Papilionidae) 
are especially susceptible to food deprivation 
during movement from one host plant to an- 
other. B. philenor larvae feed on plants in the 
genus Aristolochia, and individual hostplants 
rarely provide enough suitable foliage for 
complete larval development (Rausher 1979a, 
b, 1980; Rausher and Feeny 1980; Fordyce 
and Agrawal 2001), which can sometimes re- 
quire more than 25 plants (Rausher 1980). 
The larvae also sequester aristolochic acids, 
which make them and the adults they produce 
unpalatable (Sime et al. 2000; Fordyce et al. 
2005). To advertise this defense, adults dis- 
play warning coloration on the ventral hind 
wing surface (Brower 1958; Codella and Le- 
derhouse 1990), which consists of orange 
spots in a field of iridescent blue (Figure 1). 
Both colors are used by predators in recogniz- 
ing B. philenor as distasteful (Pegram et al. 
2013). 




Figure I. battus philenor \^\th ventral surface visible. High 
quality figures are available online. 
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In Arizona, the iridescent warning coloration 
of B. philenor on the ventral hind wings varies 
in ways that may be attributed to differences 
in larval diet. Rutowski et al. (2010) reported 
significant differences in the iridescent colora- 
tion between lab-reared individuals fed ad 
libitum and field-caught individuals. There- 
fore, variation in larval food availability could 
be a source of adult color variation, including 
warning color variation. As in the B. philenor 
populations previously studied, populations in 
Arizona are likely to experience food depriva- 
tion as larvae because their hostplant, 
Aristolochia watsonii Wooton and Sandley 
(Aristolochiales: Aristolochiaceae), is a small 
plant that larvae often completely denude of 
leaves before completing development (per- 
sonal observation). Therefore, to evaluate the 
role of food restriction on warning coloration 
and to determine if observed natural variation 
in iridescent signals is due to food depriva- 
tion, the amount of food to which B. philenor 
larvae had access was varied among three dif- 
ferent treatments. The adult coloration was 
compared among treatment groups. The ef- 
fects of food deprivation were evaluated for 
three different color patches: the iridescent 
blue field and the orange spots of the ventral 
hind wing surface, which contribute to the 
warning signal, and the iridescent blue on the 
male dorsal hind wing. The male dorsal hind 
wing is a signal used by females, likely to as- 
sess either male quality or species identity 
(Rutowski and Rajyaguru 2013). 

If food deprivation is a source of variation in 
the iridescent signals of B. philenor, it is pre- 
dicted that food deprivation will cause 
increased brightness, shorter wavelength hues, 
and higher chroma for the ventral surface iri- 
descence and higher intensities in the dorsal 
iridescence. These expectations are based on 
the difference between animals reared in the 
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lab and those from the field reported in Ru- 
towski et al. (2010). Additionally, if there are 
differences in the ventral surface iridescence 
and the orange spots between treatments, even 
if this variation does not match that found in 
Rutowski et al. (2010), it will indicate that 
food restriction can be a significant source of 
intraspecific variation in warning signals. 

Materials and Methods 

Rearing conditions and study of develop- 
mental time course 

Early instar B. philenor larvae and eggs were 
collected in the field near the confiuence of 
Mesquite Wash and Sycamore Creek in cen- 
tral Arizona, USA (N 33° 43.784', W 111° 
30.997'). After collection, the animals were 
reared in an environmental chamber in which 
relative humidity was held at 55%. Tempera- 
ture and light varied on a 16:8 L:D cycle, in 
which the temperature was 30° C with lights 
on for 16 hr and 24° C with the lights off for 8 
hr. Larvae were fed cuttings fi-om field- 
collected host plant, A. watsonii, ad libitum 
until treatment began. These conditions and 
the field site are those described in Rutowski 
et al. (2010). 

In order to develop a protocol of food re- 
striction the time course of development for B. 
philenor larvae from the source population 
was determined. To determine the number, 
duration, and growth rate of larval instars, 10 
larvae were raised as above, and their body 
mass was measured every day from hatching 
to pupation. The timing of molts in the last 
two instars was determined by putting a spot 
of paint on the integument and noting when it 
disappeared (i.e., had been shed with the exo- 
skeleton). Earlier instar larvae were generally 
not marked because of the difficulty of doing 
so without injury, but four larvae were marked 
through their entire development and revealed 
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that there are five larval instars. Data on body 
condition and adult coloration of these indi- 
viduals were not used in the analysis. 

Food deprivation treatment 

Prior to the molt into the final larval instar, 
each larva was marked on the posterior dor- 
sum with a small dot of green paint, placed in 
an individual cup with host plant, and ran- 
domly assigned to a treatment group. Because 
larvae and eggs were collected from many dif- 
ferent plants in the field and across a 19-day- 
timespan, it is unlikely that they were closely 
related. Larvae were checked each day be- 
tween 11:00 and 15:30. When the dot was no 
longer present on a larva, it indicated that it 
had molted into the 5th instar within the last 
24 hours, and that day was set as Day 0 for 
that larva. 

The final larval instar was chosen as the best 
developmental stage to restrict food availabil- 
ity because at this stage larvae consume the 
most host plant and are most likely to need to 
seek new plants in the field. Also, during the 
5th instar they will likely attain a threshold 
mass above which they are able to pupate 
without additional food, as has been docu- 
mented for other butterfiies (Nijhout 1975; 
Jones 1976). After this threshold stage, larvae 
will not die of starvation if they do not find 
another host plant, but if food is available they 
will continue to feed and so may accrue addi- 
tional resources that will be available during 
metamorphosis to produce morphological fea- 
tures, such as wing colors. 

When each larva reached the 5 th instar, it was 
placed into one of three treatment groups. In 
all three groups, larvae were fed ad libitum 
until food deprivation began. In the Day 3 
treatment, larvae (n = 27) were given no food 
from the third day of the final larval instar un- 
til they pupated. This was the treatment group 
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that experienced the highest level of food re- 
striction. In the Day 4 treatment, food 
deprivation began on the fourth day of the last 
larval instar and continued until they pupated 
(n = 32). Deprivation in both groups began 
between 11:00 and 15:30 on the appropriate 
day. Larvae in the unrestricted treatment (n = 
32) were provided with food ad libitum until 
they pupated. The third and fourth days of the 
final larval instar were chosen to begin food 
deprivation because no individual deprived of 
food from the second day or earlier survived 
to pupate (n = 5), and by the fifth day most 
larvae stopped feeding or otherwise started 
preparing for pupation. 

Pupae were kept in the environmental cham- 
ber under the conditions described above until 
the adults eclosed, typically after 11-14 days. 
Individuals that had apparently entered dia- 
pause (n = 6), as indicated by the pupal stage 
lasting longer than 2 1 days, were not included 
in the analysis. Treatment did not have any 
apparent effect on whether they entered dia- 
pause, as there were two from each treatment. 
Upon eclosion, butterfiies were placed in a 
refrigerator at 4° C for 24 hr and then freeze- 
kiUed. 

Analysis of adults 

Each adult's forewing length (wing tip to an- 
terior point of wing insertion in the thorax) 
was measured using digital calipers to the 
nearest 0.01 mm. After removing the hind 
wings for mounting, the bodies were lyophi- 
lized for 24 hr, and the "dry" mass of each 
was measured to the nearest 0.1 mg. In addi- 
tion, fat content of the bodies and forewings 
was measured as a percent of dry mass using 
the methods described in Fordyce and Nice 
(2008). 

The hind wings were mounted on double-ply, 
museum-quality, black cardstock using photo 
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mount adhesive. The right hind wing was 
mounted dorsal side up, and the left hind wing 
was mounted ventral side up. Reflectance 
spectra were obtained relative to an MgO 
white standard, using an USB 2000 spectro- 
photometer with a PX2 xenon light source and 
OOIBase 32 software (all from Ocean Optics, 
www.oceanoptics.coni ). The ventral iridescent 
reflectance was measured from an area prox- 
imal to the orange and black spot in the cell 
between M3 and Cui veins on the hind wing 
(Horror et al. 1992), and the dorsal reflectance 
was measured in the same cell from an area 
proximal to the white spot on the hind wing. 
The angle between the light beam and the op- 
tical axis of the collector was 60° with the 
wing positioned so that its base pointed to- 
ward the light beam. The specimen was tilted 
around an axis perpendicular to the long axis 
of the wing until the reflectance of the irides- 
cence around 500 nm was highest (see Figure 
2 in Rutowski et al. 2010). Maximizing the 
iridescence of each wing in this manner al- 
lowed for consistent reflectance 
measurements, as some individuals may vary 
in the exact angle that produces peak reflec- 
tance (Kemp and Rutowksi 2007; Kemp 2008; 
Meadows et al. 2011) and measurements that 
are comparable to previous analyses of B. 
philenor iridescent coloration (Rutowski et al. 
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Figure 2. Mass gain and duration for each larval instar ob- 
tained by weighing Battus philenor larvae every day and 
recording molts (n = 10). Approximately 75% of total larval 
mass gain occurs in the final larval instar. The final instar lasts 
an average of 6 days. High quality figures are available online. 
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2010; Rutowski and Rajyaguru 2013). The 
orange spot reflectance was measured on the 
most anterior orange spot, with the collector 
and light beam positioned the same as for the 
iridescent patch measures and the wing sur- 
face perpendicular to bisector of the angle 
between collection and light beam. 

Each mounted hind wing was measured twice, 
in two separate rounds. All pairs of measure- 
ments on the same spot were within 5% of 
each other. The color parameters obtained 
from these two measurements were then aver- 
aged for the analysis. Only reflectance from 
300-700 nm was used in the analysis. Spectra 
were characterized using three color parame- 
ters: brightness, hue, and chroma. Brightness 
is the amount of light reflected from the spot 
measured, and for both the orange and blue 
was calculated as the average percent reflec- 
tance from 300-700 nm (Montgomerie 2006). 
Hue identifies the wavelengths in which the 
most light is reflected and therefore contrib- 
utes to the perceived color of the signal. 
Chroma (also known as saturation) is the 
spectral purity of the reflected light (Mont- 
gomerie 2006). Hue and chroma needed to be 
calculated differently for the iridescent blue 
and the diffusely reflecting orange because the 
orange reflectance lacks a clear peak. For the 
iridescent reflectance, hue is the wavelength at 
which the maximum reflectance is observed, 
and chroma is the summed reflectances be- 
tween 50 nm above and below the peak 
wavelength, divided by the summed reflec- 
tances between 300 and 700 nm (Rutowski et 
al. 2010). For the reflectance of the orange 
spot, hue is the wavelength at which the per- 
cent reflectance is halfway between the 
minimum and maximum reflectance (More- 
house and Rutowski 2010) over aU 
wavelengths (300-700 nm). Chroma is the 
difference between the minimum and maxi- 
mum reflectance, divided by the average 
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reflectance over the 300-700 nm range 
(Montgomerie 2006). 

To infer whether avian predators would be 
able to distinguish differences in the warning 
colors between the different treatment groups, 
AVICOL version 6 (Gomez 2006) and a phys- 
iological visual model based on Vorobyev and 
Osorio (1998) were used. The model used the 
spectral sensitivities and cone proportions for 
Blue Tits, Cyanistes caemleus, a well under- 
stood passerine visual system (Hart et al. 
2000). While Blue Tits are not predators of B. 
philenor, the visual sensitivities of birds are 
not highly variable (Hart 2001), and the spe- 
cific visual sensitivities of known B. philenor 
predators (e.g.. Cactus Wrens, Campylorhyn- 
chus brunneicapillus , and Curve-billed 
Thrashers, Toxostoma curvirostre) are not 
known. As such, the visual sensitivities of 
Blue Tits are a good surrogate of those of 
predators of B. philenor. The ambient light 
was a measure of downwelling irradiance 
from the field site, measured with the USB 
2000 spectrophotometer described earlier fit- 
ted with a cosine-corrected probe on the end 
of the collector fiber. The model was used to 
obtain the chromatic contrasts between all 
three treatments for both the ventral orange 
spots and ventral iridescence. Chromatic con- 
trast is reported in units of just noticeable 
differences Ond), and a difference above 1 jnd 
is considered to be distinguishable by a bird 
(Vorobyev et al. 1998). 

Statistics 

MANOVAs were used to determine the over- 
all effects of treatment on body condition (i.e., 
dry body mass, forewing length, and fat con- 
tent) and the color parameters (i.e., hue, 
chroma, and brightness) of the two ventral 
color components. Each model included sex, 
treatment, and sex by treatment interaction as 
the factors. To sort out the effects of the indi- 
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vidual variables in the significant MANO- 
VAs, univariate ANOVAs and the 
standardized coefficients from discriminant 
analysis were used. If these tests revealed a 
significant treatment effect for a variable, the 
significance of differences in that variable be- 
tween specific treatment groups was assessed 
using Tukey's posthoc tests. Three mixed 
models with restricted maximum likelihood 
were used to determine the response of male 
iridescence (i.e., brightness, hue, and chroma 
of both iridescent surfaces) and included sur- 
face, treatment, and surface by treatment 
interaction as fixed effects and individual as a 
random effect. For these models, Bonferroni 
corrections using a = 0.05 requires p < 0.016 
for a factor to be considered significant. All 
statistical analyses were run using SPSS ver- 
sion 19 (IBM, www.ibm.com ) with a 0.05 
level of significance where not otherwise in- 
dicated. Tests for normality revealed that 
brightness measurements were not normally 
distributed, and so those measurements were 
log transformed before analysis. Dependent 
variables in all models had equal variance. 

Results 

Study of developmental time course 

Under the rearing conditions, B. philenor lar- 
vae from the Arizona population that was 
studied (1) have five instars, (2) acquire 75% 
of their maximum larval body mass during the 
5th instar, and (3) spend an average of six 
days in the 5th instar before pupating (Figure 
2). These results guided the design of the 
treatments. Interestingly, B. philenor larvae in 
other geographic areas have six instars (J. 
Fordyce, personal communication), which in- 
dicates that B. philenor may be another case 
of intraspecific variability in number of instars 
(e.g., Esperk et al. 2007). 
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Effects of food stress on body condition and 
pupation time 

Treatment had an overall effect on body con- 
dition (MANOVA: Wilk's X = 0.353, Fe, i54 = 
17.29, p < 0.001). Univariate ANOVAs re- 
vealed that treatment negatively affected adult 
dry body mass, forewing length, and fat con- 
tent, and the highest level of food restriction 
produced smaller adults with a lower percent- 
age of fat in their bodies (Table 1). 
Standardized discriminant coefficients indi- 
cated that forewing length explains more of 
the variance due to treatment than body mass 
or fat content. The dry body mass of adults in 
the Day 3 treatment (highest level of food re- 
striction) was only 50-55% that of animals 
with unrestricted access to food (Table 1). 
Forewing length of males and females in the 
Day 3 treatment was reduced by 13% and 
12%), respectively, compared to those in the 
Unrestricted group (Table 1). For fat content 
(as a percentage of body mass), Tukey's com- 
parisons of differences among treatment 
groups revealed that the adults in the Unre- 
stricted treatment had a significantly higher 
fat content than those in the Day 3 treatment 



Table I . A summary of dry body mass, forewing length, and 
fat content values of Battus philenor. 



Tri'aCnii-nl 




Dr> Ixxly (gl 


F<in«iiig li-iiKihlmnil 


Fn( conleni (V* of body inus\) 




Milk' 






17.45 ^ 2.fiS(ll. 52-21,42) 




(1.15 1 O.tll |().I.! -11. Pi 


51 ■ i o5|4S 2" - ^^2) 


: 3.17 (4,5 - 21,07) 


Day 4 


Male 


U.IM - ll.li: -0.13) 


45.'': 1 i.7S (411 hi - 4.S, 14) 


14,44 : 2 54(7,37 ■ 17,52) 


Female 


0,I2±0,1I3 (11.07-0,17) 


4S,6IS 1 2.54(44 1') - 53,341 


13,74 1 5.11 (4.54 -25,41) 


Day 3 


Male 


ilM tfl,IMI8(0,IW-(l,l3) 


42,23 1 o,g(3Jt,IS-4'),l2) 


13.36 i 3.2»(6.01 - 17.57) 


Female 


0,0!i ! 0,1)2 ((1,05 - 0,12) 


45,36 1 2,73 (40,4 -4V,W) 


13.S31 3.R5(K-I7-21.3'n 



Statistics are given as mean ± standard deviation (minimum- 
maximum). 



Table 2. Results of univariate tests and discriminant analysis 
for body condition measures of Battus philenor. 



Sc.\ .\ Trcaliiicnt 



Dry body mass 



22.1 <0.00l -0.54 



2 58.5 <0.00l -0.34 



Forew in}; len[;th 



.SC 



I 34.4 <0.00l -0.46 



2 4S.I <0.00l -0.66 



I 55 0.217 -0.31 



2 5.4 0.007 



SC = Standardized coefficients for discriminant analysis. Signifi- 
cant factors for univariate ANOVAs are noted in bold. Only 
the first root vi/as significant in all discriminant analyses. The 
total sample size used in the analysis vi/as 89 in the three 
treatment groups: Day 3 (males n = 14, females n = 13), Day 4 
(males n = 16, females n = 14), and Unrestricted (males n = 
18, females n = 14). 



Pegram et al. 

(p = 0.017) and in the Day 4 treatment (p = 
0.011). Fat content of the adults in the Day 3 
and Day 4 treatments was not significantly 
different (p = 0.999). 

The sexes differed significantly in body size 
and fat content (MANOVA: Wilk's X = 0.693, 
F3, 76 = 1 1.24, p < 0.001). In univariate ANO- 
VAs, sex was a significant factor for both 
body mass and forewing length (Table 2); B. 
philenor males are smaller than females. 
However, there was no significant effect of 
sex on fat content (Table 2). In the discrimi- 
nant analysis, males and females differed in 
all three measures of body condition, but mass 
and forewing length had the highest coeffi- 
cients (Table 2). There was no sex by 
treatment interaction for the three measures of 
body condition (MANOVA: Wilk's 1 = 0.940, 
F6, 152 = 0.792,;? = 0.577). 

Duration of the pupal stage (measured in 
days) was significantly affected by treatment, 
with food-restricted individuals spending less 
time in the pupal stage (Kruskal-Wallis 'i = 
12.67, df = 2, = 0.002). The mean duration 
of the pupal stage was 13.3 days for the Un- 
restrcited treatment group, 13.1 days for the 
Day 4 treatment groups, and 12.7 days for the 
Day 3 treatment group. 

Effects of food deprivation on warning col- 
oration 

For the ventral iridescence, there was a signif- 
icant effect of food deprivation treatment 
(MANOVA: Wilk's X = 0.826, Fe, lei = 2.71, 
p = 0.016). Both discriminant analysis and 
univariate tests revealed that treatment affect- 
ed hue the most (Table 3). Tukey's post-hoc 
comparisons revealed a significant shift in hue 
towards shorter wavelengths (towards blue) 
with increasing food restriction (Table 3), 
shifting almost 15 nm between adults in the 
Unrestricted and Day 3 treatments (Table 4; 
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Table 3. Results of univariate tests and discriminant analysis 
(SC, standardized coefficients) for color parameters of Battus 
philenor. 



Veniral Iridescence 



Vcniral Orange 



Male Iridescence 



Sc\ X Trcalnient 



Sex X Trcaimcni 



RriKhlni'ss 
(Lor IransformMl) 



1.00 0.371 -0,01 



12.75 O.OOl •O.S'» 



%7.56 <l).l)OI 



1 0,04 O.X33 



2 3.43 0.037 1.7; 



2 0.06 (I.V.W 



11.51 0.001 1.48 



1 9.96 0.003 



0,30 0.743 O.W 



0.43 0.516 -1.44 



6.88 0.002 -1,65 



For the two ventral surface colors, univariate ANOVAs and 
discriminant analysis were run to evaluate the effects of 
treatment and sex on each variable only after MANOVAs 
showed significant effects for both surface colors. Only the 
first root was significant in all discriminant analyses. Three 
mixed models with restricted maximum likelihood were used 
to evaluate the effects of surface and treatment on the prop- 
erties of male iridescence. For the mixed models, only p- 
values less than 0.016 were considered significant after Bon- 
ferroni correction. Significant factors for univariate ANOVAs 
and mixed models are noted in bold. 



Table 4. A summary of 
from reflectance spectra 
philenor. 



color parameter 
for all treatment 



values obtained 
groups of Battus 



Univslrklcd lnili.->.i.viii KIul- 



Iridcsccn 



^l'himI Mall.- 



Mjk- 
Mak- 



Iridesceni Blue Ventral 



Male 
[Fcmile 
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Figure 3). The hue of the aduhs in the Day 3 
treatment was significantly bluer than those of 
the Unrestricted treatment (p = 0.028) but was 
not different from those in the Day 4 treat- 
ment (p = 0.340). Univariate ANOVAs did 
not reveal an effect of food restriction on 
brightness or chroma (Table 3). Additionally, 
there was no difference between the ventral 
iridescence of the sexes (MANOVA: Wilk's X 
= 0.939, F3,8i = lJ5,p = 0.164) and no sex 
by treatment interaction (MANOVA: Wilk's X 
= 0.972, Fe, i62 = 0.393,;? = 0.883). 

Treatment also significantly affected the ven- 
tral orange spots (MANOVA: Wilk's X = 
0.671, F6, 148 = 5.45, p < 0.001). Univariate 
tests and the standardized coefficients re- 
vealed that chroma was the color parameter 
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Figure 3. Hue measured on ventral iridescence Bottus 
philenor as the v^avelength of highest reflectance. There v/as a 
shift towards shorter v/avelengths in hue on both iridescent 
surfaces (dorsal not shown) with higher food restriction. Bars 
represent one standard error. Different letters represent 
significantly different values. Shared letters indicate responses 
are not significandy different. High quality figures are available 
online. 




Figure 4. Mean chroma of ventral orange spots from reflec- 
tance spectra on Battus philenor. Chroma was measured as the 
difference between the minimum and maximum reflectance 
divided by the average reflectance over 300-700 nm. Bars 
represent one standard error. Different letters represent 
significantly different values. Shared letters indicate responses 
are not significandy different. High quality figures are available 
online. 



most affected by treatment (Table 3). Chroma 
decreased with increasing food deprivation 
(Table 4). Tukey's post-hoc comparisons re- 
vealed that the adults in the Day 3 treatment 
were significantly less chromatic than those in 
the Day 4 (p = 0.002) and Unrestricted treat- 
ments (p = 0.019). Individuals in the Day 4 
treatment were not significantly different in 
chroma from those in the Unrestricted treat- 
ment (Figure 4). In addition to the effect of 
treatment, there was also a significant effect 
of sex on the ventral orange spots 
(MANOVA: Wilk's X = 0.652, ^3,74 = 13.17, 
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p < 0.001). Univariate ANOVAs and discri- 
minant coefficients revealed that sex mostly 
influenced brightness and hue (Table 3). On 
average, females' orange spots were brighter 
than males' and had a lower (shorter wave- 
length) hue than males' (Table 4). There was 
also no sex by treatment interaction for the 
ventral orange (MANOVA: Wilk's 1 = 0.929, 
Fe, 148 = 0.928,;? = 0.477). 

Models of avian color vision suggest that 
warning color differences between treatment 
groups would be distinguishable by an avian 
predator. For the ventral orange, the chromatic 
contrast between the color of the adults from 
the Unrestricted treatment and the Day 4 
treatment was 5.76 jnd, between the Unre- 
stricted treatment and the Day 3 treatment was 
5.87 jnd, and between the Day 3 treatment and 
Day 4 treatment was 9.56 jnd. For the ventral 
iridescence, the chromatic contrast between 
the adults of the Unrestricted treatment and 
the Day 4 treatment was 2.96 jnd, between the 
adults of the Unrestricted treatment and the 
Day 3 treatment was 4.53 jnd, and between 
the adults of the Day 3 treatment and the Day 
4 treatment was 1.59 jnd. Because all of these 
chromatic contrasts were above 1 jnd, they 
were all considered to be distinguishable by a 
bird. 

Comparison of two iridescent surfaces 

The statistical analysis on the color measure- 
ments for the iridescent areas from both male 
wing surfaces did not reveal an effect of 
treatment after correcting for multiple mixed 
model comparisons. However, Tukey's post- 
hoc comparisons revealed differences between 
the treatment groups in hue, where hue de- 
creased (shifted towards blue) with increasing 
food restriction on both surfaces. Unrestricted 
individuals were significantly different from 
Day 3 individuals {p = 0.008) but not Day 4 
individuals {p = 0.320). Day 4 individuals 
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were also not significantly different from Day 
3 individuals (p = 0.068). There was no signif- 
icant surface by treatment interaction to 
suggest the two surfaces responded differently 
to food deprivation (Table 3). Also, all color 
parameters were significantly different be- 
tween the two iridescent surfaces (Table 3). 
The ventral iridescence of males is brighter, 
has a lower hue, and is more chromatic than 
the dorsal surface. The difference in bright- 
ness and chroma were expected from the 
results reported in Rutowski et al. (2010). The 
variance accounted for by individual was sig- 
nificant for hue (Wald Z = 3.269, p = 0.001) 
and chroma (Wald Z = 3.21 1, ;?= 0.001), sug- 
gesting correlations between the two surfaces 
in these parameters. 

Discussion 

Measures of body condition 

Compared to those with unrestricted access to 
food during development, food-restricted lar- 
vae developed into significantly smaller adults 
with smaller fat reserves. This result was ex- 
pected based on previous studies of larval 
food limitation in butterflies (e.g., Bauerfeind 
and Fischer 2005; Boggs and Freeman 2005). 
The size of the adults produced from Day 3 
treatment larvae was within the range of adult 
sizes observed in the fleld (Rutowski et al. 
2010), indicating that the level of food depri- 
vation induced in the Day 3 treatment was 
likely within the range of food limitation that 
this species experiences in nature. The effect 
of larval food deprivation on the level of se- 
questered aristolochic acids is currently under 
investigation. 

Warning coloration 

Food restriction produced signiflcant variation 
in both the orange and blue components of the 
ventral warning coloration of 5. philenor. The 
hue of the ventral blue iridescence shifted to 
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shorter wavelengths with increased food dep- 
rivation. The chroma of the orange spots 
decreased with increased food deprivation. 

These resuhs suggest proximate links between 
coloration, the structures and chemicals that 
produce color, and diet quantity, but these 
linkages are not clear at the moment (see 
Kemp et al. 2006). For B. philenor, this is true 
for both the orange spots and the blue patches, 
but there are some possible connections that 
could be tested. The diffuse reflection of the 
orange spots indicates that the pigments 
played a major role in shaping the reflectance 
spectrum by absorbing short wavelengths, 
which allows longer wavelengths to be re- 
flected from the wing surface (Rutowski et al. 
2005). The specific pigments involved are not 
known but are likely to be ommachromes or 
papilochromes synthesized de novo by the 
butterflies from the amino acid tryptophan 
(Nijhout 1991). The chroma of the orange 
spots should be positively related to the quan- 
tity of pigment in the scale, as more pigment 
means greater absorption of short wavelength 
light. During development, diet-restricted in- 
dividuals whose orange is less chromatic may 
deposit less pigment in their scales due to a 
lower availability of tryptophan. On the other 
hand, the iridescent blue is likely a product of 
thin film interference, and the higher hue of 
diet-restricted individuals suggests a thicker 
film (Land 1972). If true, it is not clear how 
the film would be thicker in diet-restricted in- 
dividuals who presumably experience 
restrictions in the materials needed to build 
these cuticular films. Again, questions about 
the potential proximate connections between 
diet and color phenotype remain untested but 
warrant investigation. 

An experiment with captive Curve-billed 
Thrashers showed that the blue iridescence 
and the orange spots of the ventral hind wing 
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were used by avian predators to recognize B. 
philenor as distasteful, and each component 
alone elicited a rejection response (Pegram et 
al. 2013). It is unknown whether the variation 
in the hue of the iridescent patches induced by 
food restriction would alter the effectiveness 
of the aposematic coloration of B. philenor. 
Although both reptiles and invertebrates (e.g., 
spiders and dragonfiies) have been observed 
preying on B. philenor (Rausher 1979b, 
1980), insectivorous birds are likely to be 
their most common predators in Arizona (Pe- 
gram, Han, and Rutowski, unpublished data). 
Visual models indicated that birds should be 
able to distinguish the spectral differences ob- 
served in adult coloration due to treatment. 
However, even though avian predators may be 
able to discriminate these colors, predators 
may generalize a learned warning signal to 
similar colors (Ham et al. 2006; Ruxton et al. 
2008; Svadova et al. 2009) or the differences 
may not be detectable in complex and chang- 
ing conditions of lighting and background 
(Lindstedt et al. 2011). Either way, the color 
shifts caused by food deprivation may not de- 
crease signal effectiveness. Signal 
effectiveness could also be influenced if the 
observed responses altered conspicuousness 
(Gittleman and Harvey 1980; Gamberale- 
Stille and TuUberg 1999; Lindstrom et al. 
1999; Riipi et al. 2001; Lindstedt et al. 2008). 
From these results, it is concluded that food 
deprivation did contribute to intraspecific var- 
iation in warning coloration, but determining 
if this variation correlates with signal effec- 
tiveness will require further study. 

Response of iridescent coloration and com- 
parison to natural coloration 

The hue of the ventral and dorsal iridescent 
patches shifted to shorter (bluer) wavelengths 
with increased food deprivation. This was the 
opposite direction of what was predicted 
based on the results of Rutowski et al. (2010). 
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Rutowski et al. (2010) also found that lab- 
reared individuals had more intense ventral 
iridescence than did field-caught individuals, 
where no effect of rearing conditions on ven- 
tral iridescence brightness was found in our 
study. Therefore, differences in the lab and 
field individuals previously observed were not 
likely due to increased food deprivation in the 
field-caught B. philenor. The difference be- 
tween the dorsal and ventral surfaces in male 
chroma observed in our study was expected 
based on Rutowski et al. (2010), but the lack 
of treatment effects and differences between 
the sexes was inconsistent with their results. 
Differences between male and female ventral 
hue were observed in the previous study, but 
not in our study. From these differences, it can 
be concluded that the differences observed 
between lab and field individuals in Rutowski 
et al. (2010) were not likely caused by food 
deprivation in field individuals. 

However, differences in the results of these 
studies could be caused by at least two other 
factors. First, there were differences between 
the studies in seasons in which observations 
occurred (spring (Rutowski et al. 2010) vs. 
autumn (our study)). Second, the larvae of the 
field-caught individuals could have undergone 
food deprivation throughout the larval stage, 
while the larvae in our experiment only un- 
derwent food restriction in the last larval 
instar. 

Also, the hue and chroma of an individual's 
dorsal iridescence were correlated with the 
hue and chroma of its ventral wing surface, 
which suggests a coupling of the iridescent 
surfaces. This is consistent with the findings 
of Rutowski et al. (2010), but the causes of 
this coupling are not understood at this time. 

Because the dorsal coloration may serve as a 
signal of male quality (Rutowski and Rajya- 
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guru 2013), we expected to see heightened 
condition dependence over a naturally select- 
ed signal (e.g., Andersson 1986; Cotton et al. 
2004a, b; Kemp 2008). However, there were 
no significant surface by treatment interac- 
tions to suggest there is heightened condition 
dependence of the iridescence on the dorsal 
surface. 

Conclusions 

Food deprivation can be a common ecological 
occurrence for lepidopteran larvae that feed 
on relatively small hostplants, like the Aris- 
tolochia plants used by some populations of 
B. philenor (Rausher 1979a, 1979b, 1980; 
Rausher and Feeny 1980; Fordyce and 
Agrawal 2001), and may affect the develop- 
ment of adult color signals. In the case of B. 
philenor, spectral properties of the iridescent 
blue patches and difflisely refiecting orange 
spots that act as warning signals changed in 
response to a food deprivation, suggesting that 
food deprivation during the larval stage can be 
a significant source of intraspecific variation 
in coloration. However, because the findings 
were not wholly consistent with differences 
between field-caught and lab-reared individu- 
als reported in previous studies (Rutowski et 
al. 2010), there are likely to be additional fac- 
tors that explain the variation in adult 
coloration. The consequences of any of this 
variation for signal fiinction remain to be ex- 
plored. 

Acknowledgements 

We thank Jim Fordyce (University of Tennes- 
see-Knoxville) for help with the fat content 
analysis, statistical analysis, and reviews of 
the manuscript; Justin Merry, Nate More- 
house, Brett Seymoure, Rusty Ligon, Jon 
Douglas, Kevin McGraw, Jiirgen Liebig, Bri- 
an Smith, and Bert HoUdobler for their input 
on the project and manuscript; and Matt 



Journal of Insect Science: Vol. 13 | Article I 10 

Toomey for helpful discussion about avian 
visual discrimination. This work was support- 
ed by NSF Grants IBN 0316120 and lOS 
1145654 (to R. L. Rutowski) and DEB 
0614233 (to J. Fordyce) and the School of 
Life Sciences Undergraduate Research Pro- 
gram funded by the ASU School of Life 
Sciences and the Howard Hughes Medical 
Institute. 

References 



Andersson M. 1986. Evolution of condition- 
dependent sex ornaments and mating 
preferences: sexual selection based on 
viability differences. Evolution 40: 804-816. 

Bauerfeind SS, Fischer K. 2005. Effects of 
food stress and density in different life stages 
on reproduction in a butterfly. Oikos 111: 
514-524. 

Beatty CD, Beirincky K, Sherratt T. 2004. 
The evolution of Miillerian mimicry in 
multispecies communities. Nature 43 1 : 63- 
67. 

Boggs CL, Freeman KD. 2005. Larval food 
limitation in butterflies: effects on adult 
resource allocation and fitness. Oecologia 
\44: 353-361. 

Borer M, van Noort T, Rahier M, Naisbit RE. 
2010. Positive frequency-dependent selection 
on warning color in alpine leaf beetles. 
Evolution 64: 3629-3633. 

Borror DJ, Triplehorn CA, Johnson NF. 1992. 
An Introduction to the Study of Insects, 6* 
edition. Harcourt Brace College Publishers. 

Brower JVZ. 1958. Experimental studies of 
mimicry in some North American butterflies: 
Part IL Battus philenor and Papilio troilus, P. 



Pegram et al. 

polyxenes, and P. glaucus. Evolution 12: 123- 
136. 

Brakefield PM. 1985. Polymorphic Miillerian 
mimicry and interactions with thermal 
melanism in ladybirds and a soldier beetle: a 
hypothesis. BiologicalJournal of the 
Linnaean Society 26: 243-267. 

Brakefield PM, Liebert TG. 1985. Studies of 
colour polymorphism in some marginal 
populations of the aposematic jersey tiger 
moth Callimorpha quadripunctaria. 
Biological Journal of the Linnaean Society 
26:225-241. 

Codella Jr. SG, Lederhouse RC. 1990. The 
effect of wing orientation on aposematic 
signaling in the pipevine swallowtail butterfly, 
Battus philenor. Animal Behavior 40: 404- 
405. 

Cott HB. 1940. Adaptive Coloration in 
Animals. Methuen and Co. Ltd. 

Cotton S, Fowler K, Pomiankowski A. 2004a. 
Condition dependence of sexual ornament size 
and variation in the stalk-eyed fly 
Cyrtodiopsis dalmanni (Diptera: Diopsidae). 
Evolution 58: 1038-1046. 

Cotton S, Fowler K, Pomiankowski A. 2004b. 
Do sexual ornaments demonstrate heightened 
condition-dependent expression as predicted 
by the handicap hypothesis? Proceedings of 
the Royal Society of London B21\: n\-7S3 . 

Endler JA, Mappes J. 2004. Predator mixes 
and the conspicuousness of aposematic 
signals. American Naturalist 163: 532-547. 

Esperk T, Tammaru T, Nylin S. 2007. 
Intraspecific variability in number of larval 



Journal of Insect Science | www.insectscience.org 



12 



Journal of Insect Science: Vol. 13 | Article I 10 

instars in insects. Journal of Economic 
Entomology 100: 627-645. 

Fischer K, Fiedler K. 2001. Effects of larval 
starvation on adult life-history traits in the 
butterfly species Lycaena tityrus 
(Lepidoptera: Lycaenidae). Entomologia 
Generalis 25: 249-254. 

Fordyce JA, Agrawal AA. 2001. The role of 
plant trichomes and caterpillar group size on 
growth and defence of the pipevine 
swallowtail Battus philenor. Journal of 
Animal Ecology 70: 997-1005. 
Fordyce JA, Nice CC. 2008. Antagonistic, 
stage-specific selection on defensive chemical 
sequestration in a toxic butterfiy. Evolution 
62: 1610-1617. 

Fordyce JA, Marion ZH, Shapiro AM. 2005. 
Phenological variation in chemical defense of 
the Pipevine Swallowtail, Battus philenor. 
Journal of Chemical Ecology 3 1 : 2835-2846. 

Gamberale-Stille G, TuUberg BS. 1999. 
Experienced chicks show biased avoidance of 
stronger signals, an experiment with natural 
colour variation in live aposematic prey. 
Evolutionary Ecology 13: 579-589. 

Gittieman JL, Harvey PH. 1980. Why are 
distasteful prey not cryptic? Nature 286: 149- 
150. 

Gomez D. 2006. AVICOL, a program to 
analyse spectrometric data. Available online: 
http://sites.google.com/site/avicolprogram/ 

Grill CP. 1999. Development of colour in an 
aposematic ladybird beetle: The role of 
environmental conditions. Evolutionary 
Ecology Research 1: 651-662. 



Pegram et al. 

GriU CP, Moore AJ. 1998. Effects of larval 
antipredator response and larval diet on adult 
phenotype in an aposematic ladybird beetle. 
Oecologia. 114: 274-282. 

Guilford T, Dawkins MS. 1991. Receiver 
psychology and the evolution of animal 
signals. Animal Behavior 42: 1-14. 

Guilford T, Dawkins MS. 1993. Are warning 
colors handicaps? Evolution 47: 400^16. 

Ham AD, Ihalainen E, Lindstrom L, Mappes 
J. 2006. Does colour matter? The importance 
of colour in avoidance learning, memorability, 
and generalisation. Behavioral Ecology and 
Sociobiology 60: 482-491. 

HartNS. 2001. Variations in cone 
photoreceptor abundance and the visual 
ecology of birds. Journal of Comparative 
Physiology A 187: 685-698. 

HartNS, Partridge JC, Cuthill IC, Bennett 
ATD. 2000. Visual pigments, oil droplets, 
ocular media and cone photoreceptor 
distribution in two species of passerine bird: 
the blue tit (Parus caeruleus L.) and the 
blackbird (Turdus merula L.). Journal of 
Comparative Physiology A 186: 375-387. 

HoUoway GJ, Brakefield PM, Jong PW, 
Ottenheim MM, Vos HD, Kesbeke F, 
Peynenburg L. 1995. A quantitative genetic 
analysis of an aposematic colour pattern and 
its ecological implications. Philosophical 
Transactions of the Royal Society B 348: 373- 
379. 

Jones RE. 1976. Search behavior: A study of 
three caterpillar species. Behaviour 60: 3-4. 



Journal of Insect Science | www.insectscience.org 



13 



Journal of Insect Science: Vol. 13 | Article I 10 

Kemp DJ. 2008. Resource-mediated condition 
dependence in sexually dichromatic butterfly 
wing coloration. Evolution 62: 2346-2358. 
Kemp DJ, Rutowski RL. 2007. Condition 
dependence, quantitative genetics, and the 
potential signal content of iridescent 
ultraviolet butterfly coloration. Evolution 61: 
168-183. 

Kemp DJ, Vukusic P, Rutowski RL. 2006. 
Stress-mediated covariance between nano- 
structural architecture and ultraviolet butterfly 
coloration. Functional Ecology 20: 282-289. 

Land MF. 1972. The physics and biology of 
animal reflectors. Progress in Biophysics and 
Molecular Biology 24: 75-106. 

Lindstedt C, Eager H, Ihalainen E, Kahilainen 
A, Stevens M, Mappes J. 201 1. Direction and 
strength of selection by predators for the color 
of the aposematic wood tiger moth. 
Behavioral Ecology 22: 580-587. 

Lindstedt C, Lindstrom L, Mappes J. 2008. 
Thermoregulation constrains effective 
warning signal expression. Evolution 63: 469- 
478. 

Lindstedt C, Morehouse N, Pakkanen H, 
Casas J, Christides J-P, Kemppainen K, 
Lindstrom L, Mappes J. 2010. Characterizing 
the pigment composition of a variable 
warning signal of Parasemia plantaginis 
larvae. Functional Ecology 24: 759-766. 

Lindstrom L, Alatalo RV, Mappes J. 1999. 
Reactions of hand-reared and wild-caught 
predators toward warningly colored, 
gregarious, and conspicuous prey. Behavioral 
Ecology 10: 317-322. 

Maan ME, Cummings ME. 2008. Female 
preferences for aposematic signal components 



Pegram et al. 

in a polymorphic poison frog. Evolution 62: 
2334-2345. 

Mappes J, Alatalo RV. 1997. Batesian 
mimicry and signal accuracy. Evolution 5 1 : 
2050-2053. 

McGraw KJ, Mackillop EA, Dale J, Hauber 
ME. 2002. Different colors reveal different 
information: how nutritional stress affects the 
expression of melanin- and structurally based 
ornamental plumage. Journal of Experimental 
Biology 205: 31 Al -31 55. 

Meadows MG, Morehouse NI, Rutowski RL, 
Douglas JM, McGraw KJ. 201 1. Quantifying 
iridescent coloration in animals: a method for 
improving repeatability. Behavioral Ecology 
and Sociobiology 65: 1317-1327. 

Montgomerie R. 2006. Analyzing Colors. In: 
Hill GE, McGraw KJ, Editors. Bird 
Coloration, Volume 1: Mechanisms and 
Measurements, pp. 90-147. Harvard 
University Press. 

Morehouse NI, Rutowski RL. 2010. In the 
eyes of the beholders: female choice and avian 
predation risk associated with an exaggerated 
male butterfly color. American Naturalist 176: 
768-784. 

Nijhout HF. 1975. A threshold size for 
metamorphosis in the tobacco hornworm, 
Manduca sexta (L.). Biological Bulletin 149: 
214-225. 

Nijhout HF. 1991. The Development and 
Evolution of Butterfly Wing Patterns. 
Smithsonian Institution Press. 

Ojala K, Lindstrom L, Mappes J. 2007. Life- 
history constraints and warning signal 



Journal of Insect Science | www.insectscience.org 



14 



Journal of Insect Science: Vol. 13 | Article I 10 

expression in an arctiid moth. Functional 
Ecology 21: 1162-1167. 

Pegram KV, Lillo MJ, Rutowski RL. 2013. 
Iridescent blue and orange components 
contribute to the recognition of a 
multicomponent warning signal. Behaviour 
150: 321-336 

Poulton EB. 1890. The colours of animals: 
their meaning and use especially considered in 
the case of insects. Kegen Paul, Trench, 
Trubner, and Co. Ltd. 

Punzalan D, Cooray M, Helen Rodd F, Rowe 
L. 2008. Condition dependence of sexually 
dimorphic colouration and longevity in the 
ambush bug Phymata americana. Journal of 
Evolutionary Biology 21 : 1297-1306. 

Rausher MD. 1979a. Egg recognition: its 
advantage to a butterfly. Animal Behavior 27: 
1034-1040. 

Rausher MD. 1979b. Larval habitat suitability 
and oviposition preference in three related 
butterflies. Ecology 60: 503-511. 

Rausher MD. 1980. Host abundance, juvenile 
survival, and oviposition preference in Battus 
philenor. Evolution 34: 342-355. 

Rausher MD, Feeny P. 1980. Herbivory, plant 
density, and plant reproductive success: the 
effect of Battus philenor on Aristolochia 
reticulata. Ecology 61: 905-917. 

Riipi M, Alatalo RV, Lindstrom L, Mappes J. 
2001. Multiple benefits of gregariousness 
cover detectability costs in aposematic 
aggregations. Nature 413: 512-514. 

Rowland HM, Ihalainen E, Lindstrom L, 
Mappes J, Speed MP. 2007. Co-mimics have 



Pegram et al. 

a mutualistic relationship despite unequal 
defences. Nature 448: 64-67. 

Rutowski RL, Macedonia JM, Morehouse NX, 
Taylor-Taft L. 2005. Pterin pigments amplify 
iridescent ultraviolet signal in males of the 
orange sulphur butterfly, Colias eurytheme. 
Proceedings of the Royal Society B, 
Biological Sciences. 272: 2329-2335. 

Rutowski RL, Nahm AC, Macedonia JM. 
2010. Hindwing iridescence in the pipevine 
swallowtail {Battus philenor): Are sexual and 
wing surface differences in properties related 
to differences in function? Functional Ecology 
24: 767-775. 

Rutowski RL, Rajyagugu P. 2013. Male- 
specific iridescent coloration in the Pipevine 
Swallowtail (Battus philenor) is used in mate 
choice by females but not sexual 
discrimination by males. Journal of Insect 
Behavior 26: 200-211. 

Ruxton GD, Sherratt TN, Speed MP. 2004. 
Avoiding Attack: The Evolutionary Ecology of 
Crypsis, Warning Signals and Mimicry. 
Oxford University Press. 

Ruxton GD, Franks DW, Balogh ACV, 
Leimar O. 2008. Evolutionary implications of 
the form of predator generalization for 
aposematic signals and mimicry in prey. 
Evolution 62: 2913-2921. 

Sandre S-L, Tammaru T, Esperk T, Julkunen- 
Tiitto R, Mappes J. 2007. Carotenoid-based 
colour polyphenism in a moth species: search 
for fitness correlates. Entomologia 
Experimentalis et Applicata 124: 269-211 . 

Siefferman L, Hill GE. 2005. Evidence for 
sexual selection of structural plumage 



Journal of Insect Science | www.insectscience.org 



15 



Journal of Insect Science: Vol. 1 3 | Article I 1 0 Pegram et al. 

coloration in female eastern bluebirds (Sialia 
sialis). Evolution 59: 1819-1828. 

Sime KR, Feeny PP, Haribal MM. 2000. 
Sequestration of aristolochic acids by the 
pipevine swallowtail, Battus philenor (L.): 
evidence and ecological implications. 
Chemoecology 10: 169-178. 

Stockhoff BA. 1991. Starvation resistance of 
gypsy moth, Lymantria dispar (L.) 
(Lepidoptera: Lymantriidae): tradeoffs among 
growth, body size, and survival. Oecologia 
88: 422-429. 

Svadova K, Exnerova A, Stys P, Landova E, 
Valenta J, Fucikova A, Sochad R. 2009. Role 
of different colours of aposematic insects in 
learning, memory and generalization of naive 
bird predators. Animal Behaviour 11: 327- 
336. 

Vorobyev M, Osorio D. 1998. Receptor noise 
as a determinant of colour thresholds. 
Proceedings of the Royal Society of London B 
265: 351-358. 

Vorobyev M, Osorio D, Bennett ATD, Mar- 
shaU NJ, CuthiU IC. 1998. Tetrachromacy, oil 
droplets and bird plumage colours. Journal of 
Comparative Physiology A 183: 621-633. 



Journal of Insect Science | www.insectscience.org 



16 



